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(54) Method and apparatus for protecting switching element of Inverter ftom i>elng overheated 

(57) In method and apparatus for protecting a plu- 
rality of same semiconductor switching elements used FIG.3 
in a PWM inverter from being overheated, a Junction 
temperature rise T^ of one of the switcNng elements is 
derived on the basis of an output frequency of the 
inverter (oc). an output current (Q of the inverter, and a 

control factor (a) and when T„ > Tf^f, the overheat In . * 1/^ 

the corresponding switching element occurs so that a correkt. k 

gate signal for each switching element is not inputted or 
an PWM off duty ratio on a pulse duty rat» of tiie gate 
signal is increasied to limit the output current of the 
inverter. 
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Description 

BACKGROUND OF THE INVENTION: 

The present invention relatos to apparatus and method tor protecting GwitGhing elements used in an inverter from 
being overheated applicable to a vector control system for an induction motor. 

In a case where an induction motor is driven by means of the inverter, either one of upper or lower positioned 
switching element in one arm of the Inverter is conducted (turned on), in a low frequency driving for the motor, a dura- 
tion of time during whic^ either of the upper or lower positioned switching element becomes relatively long so that a 
temperature ripple in an internal junction of the one of the switching elements becomes large. In details, as an output 
frequency of the inverter becomes low, tfie element internal Junction temperature becomes higher if a total toss of the 
one of the switdiing elements renins unchanged. 

Rgs. 5A and 5B show change patterns of the output current of the inverter and the temperature ripple of the smtch- 
ing element junction temperature during a normal driving (relatively high frequency driving) of the induction motor. 

Rg. 5C and 5D shows change patterns of the output current of the inverter and the terrperature rippie of the switch- 
ing element junction temperature during the low frequency driving of the same motor with an effective value of the out- 
put current is equal to the case of Fig. 6A. 

As shown in Rgs. 5A to 50, the junction temperature of the switching element becomes high during the on state of 
tiie switching element and becomes low during tiie off state thereof. That is to say. the temperati^e rise and drop are 
repeated for each of a half period of the output frequency. A difference between a maximum temperature and a mini- 
mum temperature is called the tenperature ripple. In ttie case of the low frequency driving as shown in Fig. 6B, the 
^uratiori of time during which the one of the switching elements is conducted (tumed on) or turned off t3ecomes long so 
tiiat the temperature ripple tsecomes larga 

A Japanese Patent Application Rr^ PubGcation Na Heisei 7-255166 published on October 3, 1995 exempfifies a 
metiKid for protecting power switching elements used in an inverter. 

In the disclosed power switching element protecting method, an output current of the inverter to a load findliction 
motor) is d^ectedb/ means of a cun-em detector to protect the switching elements flm overheated and a con- 
troller fbr the inverter is installed In which an on-and-off control fbr e^ 
the output qurrent does not exceed a predetermined current value. 

For example, a time limit characteristic of each switching element used for controlling the on-and-off of the switoh- 
ing elements is such that as the time has passed, the output cun-ent (load currert) becomes lower. That is 
of tiie switching elements is protected from beoig overheated by providing a timit for a magnitude of the output current 
of the inverter and a duration of the output current flow. 

However, since only the magnitude of the output current and a casing terrperature of the one of the switching ele- 
ment are detected and read in the above-described Japanese Patent Application Publication, it s not sufficient for each 
of tiie switcMng elements to be protected from being overheated in such a low frequency, a large current driving situa- 
tion as descritied above. 

SUMQAARY OF THE INVENTION: 

It Is an object of the present invention to provide Inproved method and apparatus for protecting a plurality of same 
switching elements In an inverter from being oveitieated especially during a low frequency driving. 

According to one aspect of the present invention, there is provided with A mettiod for protecting a plurality of same 
semiconductor switching elements used in an inverter from being overiieated, comprising tiie steps of: 

a) detecting an output current of said inverter, 

b) reading tiie output cunent. an output voltage phase 6 of the inverter, an output frequency of the inverter, and a 
control factor a; 

c) deriving a switohing element junction temperature rise in one of the switching elements on tiie basis of ttie read 
output current the output voltage phase e, output frequency, and the control factor a: 

d) determining whetiier tiie switching element temperature rise is in excess of a predetermined limit value atxive 
which the con-esponding one of tiie switching elements is overiieated; and 

e) reducing an on pulse duty ratio of a gate signal supplied to each switching element so as to limit tiie output cur- 
rent of the inverter. 

According to anotfier aspect of the presem invention, there Is provided witti An apparatus tor protect 
of same semiconductor switching elements used in an toverter f^om being overheated, comprising: 

a sensor ananged for detecting an outout cunrent of said inverter; and. 
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an inverter PWM controller arranged for readirtg the output current of the inverter, an output voltage phase e of the 
inverter, an output frequency of the inverter, and a control f^ictor a. deriving a switching element Jur^n temperature 
rise on the basis of the read output cunrent the output voltage phase 6. the output frequency, and the control factor a, 
determining whether the switching element temperature rise is in excess of a predetermined limit value above wttich a 
5 corresponding one of the switching elements is overheated, and reducing an on duty of a pulse duty ratio of a gate sig- 
nal supplied to each ovitching element so as to limit the output cun'ent of the inverter. 

BRIEF DESCRIPTlOEy! OF THE DRAWINGS: 

10 Fig. 1 a circuit blod( diagram of an example of an apparatus for controlling a three-phase Induction motor through 

a PWM inverter to which a method for protecting a plura&ty of switching elements in an inverter from being overheated 

according to the present invention is applicable. 

Figs. 2A and 2B are explanatory timing charts of an actual (power) loss (Fig. 2A} in one of the switching elements 

(IQBT and FWD in Fig. 1] and disorete rectangular waveform (Fig. SB) of the loss in Fig. 2A. 
IS Fig. 3 Is an operatlonalflowchartlbr explaining an execution of a first pref^ed embodiment of the method ina corv 

trofler shown in Rg. 1. 

Fig. 4 is an operational flowchart for exfUasntrrQ an execution of a second preferred enf^)odiment of tlie method in 
the controller shown in Rg. 1. 

Figs. 5A, SB, 5C. and 5D show wavefomn ctiarts of output currents and temperature ripple during a normal driving 
20 and a low frequency driving described in the BACKGROUND OF THE INVENTION. 

BEST QAOOE FOR CARRYING OUT THE INVENTION: 

Reference wDI hereinafter be made to ttie drawings In order to fadlflate a ttetter understanding of the present Inven- 
ts tion. 

Fig. 1 shows a circuit blodc diagram of a general purpose inverter for a ttvee-f^iase induction motor (IM) to which 
a first preferred embodiment of a method for protecting a plurality of switching elements used in the inverter from being 
overheated according to the present invention is appiicabia 

As shown in Fig. 1 . a reference numeral 1 denotes an inverter section of a three-arm bridge circuit type, each arm 
30 having two serially connected switching elements of IQBT (Insulated Gate Bipolar Transistor). Each IGST has a collec- 
tor end. an emitter end. and a gate end. The collector end of each IGBT is connected to a cathode end of a fly wheel 
diode (FWD) and the emitter end thereof is connected to an anode erd of the FWD. 

A function point of each arm between upper IQBT and lower IQBT is ccMinected to a load such as the induction 
motor (IM). It is noted that a current detector (generally current transformer) 2A is ireerted In a tfvee phase voltage line 
ss (\Aj) and another current detector 2B is inserted in another three phase voltage fine (Vw). 

A commercial AC power supply is connected to a converter (AC-DC converter), to a power regeneration circuit, and 
the inverter. It is noted that, in the case of a vector control system for the indudion motor (AC servo), a pulse encoder 
(PP) is attached to a rotor of the induction motor to detect a qseed of the rotor of the motor (IM) and the output pulse of 
the pulse encoder (PP) Is sent to a PWM controller 3 to calculate a slip firequency and so on. The vector control system 
40 described above is exemplified by a United States Patent Na 5,341 ,081 (, the disclosure of which is herein Incorporated 
by reference). 

A gate drive (dncuit) is interposed between the controller 3 and each gate end of the IGBTs of the inverter section 
1 . The (sinusoidal wave) PWM inverter 3 includes: an input Port receiving an instruction, for example, a torque instruc- 
tion and a detected output of the current detector 2 (ZA, 2B); a CPU (Central Processing Unit): a memory; an Output 
45 Port connected to the gate drive; and a common bus. 

Anyway, it is necessary to reduce a poiver loss in order to suppress a temperature rise of tfte IQBT element since 
the temperature rise in the IQBT element is caused by the power loss in the IGBT element This can apply equaBy well 
to arKsther semiconductor ewrifa^ng element 

A duty ratio variation of the PWM signal to the first arm upper and lower IGBT elements and the connected FWD 
60 can he expresses as follows: 

IGBT element: AQ ^/AO a lya (i 4- a sin e) (1), 
AQ 4/Ae s 1^ (1 . a sin e) (2). 

ss 

It is noted that the PWM duty ratio variation In the FWD section Is the same as the equation (2). 

In the equations (1) and (2). AQ^ denotes a tum on time interval of a first-arm upper swit^'ng element of IGBT, AO 
denotes an angle of a period of tnar^lar wave which is a canier wave frequency for the PWM inverter 1 . AQ4 denotes 
a turn on Interval of the first-arm lower emtclting element of IQBT. a denotes a control factor (or modulation rate), and 
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e denotes an output voltage phase of the inverter 1 . 

Next, the power loss of the first arm upper IGBT switching element and that of the first-ann FWD switching element 
are esqsressed as follows: 

(first arm upper) IGBT section; Pj * ^ton ^tsw " Vce(saf)((3>l)xtx(l4asln B)/Z + P j^y^ — (3). 
5 (•.♦ P ^Qy^ a flocAci/271 • I m+ ©cBq/Sn • I „ , wherein 1^ denotes a maximum value of the output cunent (lu, or Iw), 
(DC denotes the carrier wave frequency, Aq and Bq denote loss coefficients (switching loss parameters that the corre- 
sponding switching element inherently has). Vce(satX@l) denotes a collector-emitter voltage at a saturation region 
when the output current of I flows. Pj denotes the power loss at the IQBT section, and P70N denotes a steady state 
loss of the IGBT section. 

w (first arm upper) FWD section; P ^ » V pC® I)xlx(1 - asin e)/2 — (4) . wherein Po denotes the toss of the K3BT sec- 
tion and Vf((^0 denotes a fbnivard voltage drop at the FWD section when the output cun-ent of I flows. 

It is noted that the equations (1) to (4) are desabed in a Japanese Paper (transactions) of "Dengakuron D" (Beo- 
tricai Engineering ln8titute)CT. lEE) of Japan. Volume lit. No. 9 (pages 741 to 750). published In 1991 0itled Improve- 
merrt of Short Current Suppression and Power Loss Evaluations for PWM Inverter). 

IS Hence, variables (fectors) to determine the power losses Include switching element characteristics, output cuirant 
I. control factor a, and output voltage phase 6 (an output frequency corresponding to the canier wave frequency odc 
inclusive). 

Reffarring to Fig. 3. the CPU of the PWM controller 1 reads the output current (!„}• the output frequency o> c the 
output voltage phase 6. and the control factor a at a step SI. It is noted that the parameters of the oulput frequency (fc 
20 or M), the output voltage phase 0, and ttie control fetctor a except the output current I are read from the m^nory since 
the controller 1 calculates these parameters to control the driving of the induction motor. These catculatiorK are exem- 
plified by United States Patents Na 5.581,452. No. 5.341,081. and Nql 5,481,173 (the disclosures off which are herein 
Incorporated by reference). 

At the next step S2. the CPU calculates the power loss of the IGBT element and connected FWD element usfrig 
2s the equations (1) through (4) and calculates the rise in temperature off the IGBT element and connected FWD elenwnt 
(fbr example, the first arm upper IGBT element and the connected FWD element). In this embodiment, the power losses 
are approximated from the half sinusoidal form shown In Fig. 2A Into a rectangular shape shown in Fig. 2B. 

That Is to say. each of the power losses in the half sinusoidal form is In a discrete digital form at Hmes toi ti . tz* — • 
t|, tn. Each power toss is calculated as Pq. Pi. P2. Pj. — . Pn- 
30 Then, a transient thermal impedance previously stored into a memory location in the memory of the PWM controller 
1 is read and to calculate the temperature rise of the IGBT elemem (and the connected FWD elemenQ using the follow- 
ing equation (5). 
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wherein 7^ denotes ^e transient thermal impedance [^C/W]. 
Hence, the element Junction temperature rise In the switching element Is offfectad t>y the loss and duration of time 
during which the loss occurs. 

It is noted that the transient thermal impedance of the switching dement is already deiennlned and stored in a 
' memory location of the memory according to a thermal resistance curve that the switching elemem inherently has with 
the period (Tp) of the canier wave frequency for the inverter 1 as a variabla 

r=or exanple. suppose that the carrier wave frequency odc (fc) is lOKHz (Tp « 100 tiS). 

0t:O~1Omsec: 

AZ^(i) - Z«,(l„ . t|.i) - Z Jt„ - 1,) -0.837KTpM)*'^" - {TpXfi-D^-^^K-OW). 
® t; 10.1msec **100 msec: 

AZm(0 = Zth»n-tM)-2ft(t„-tJ -0.606[(TpXO*'^ -{TpXO-D^^^^irCAW). 
® t;l00.1msec -lOOmsec 

AZthW - ZihPn - ZihOn - 1|) =0.319[CTpXO'' ''^ - fTpXCi-D^^^^^lpCW). 
<S> t;800msec or more 
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Z^(i)oO(<>C/W} ,. It 18 noted that the valueoftimet 0 to ® can be selected fromthevalueof (Tpxi). His 
noted that the ak)ove<ie8cra>ed parameters in the transient thermal Impedance are derived using the IQBT switch- 
ing element of product Na MBB10DAS6. 

5 Next at a step S4, the CPU detenrtines ¥vhether !„ > Tnreh Tnref denotes a predetermined M value (either of 

nominal values of the junction temperatures in the IQBT switching element or connected FWD element) above whidi 

the corre^nding switching element is overheated. 

That IS to say, is derived according to the switching element used in the inverter 1 . If the switching element in the 

fir^ upper arm position ts constituted by the IQBT and the FWD, is for the IQBT switching element. If the switching 
70 element in the first upper arm position is constituted by only the IGBT element, T^ is derived without calculation of the 

equation (2). 

if > Tnraf the Step S4. the routine goes to a step S6 in which the drive signals to the respective gates of the 
IGBT elements are omitted or the duty ratio of each drive signal is reduced (off ratio is IncreasecQ. If T„ s Tn,^ (No at 
tiie step S4). the routine goes to the step S5 in which the routine is returned to a main routina 
15 Consequentiy. tiie overheat in the switching element can accurately be prevented from occurring. 

Especially, the overheat which is easy to occur during the low frequent driving can accurately be prevented since 
the output frequency of the PWM inverter 1 is taken into consideiBtion. It is noted that the first ami upper positioned 
IQBT element is taken Into consideration since the same switching element Is attached orito ttie otiier arm positions of 
the three arm inverter 1 . 

20 

(Second Embodiment) 

Fig. 4 Is an operational flowchart Ibr explaining a second preferred ennbodiment aoooiding to the present invenftna 

In the second embodiment tiie CPU of tile inverter 1 already stores the data on the Junction temperature rise Tn 
25 determined with flie output frequency ate, the output voltage phase e, and tiie control factor a as variables into memory 
locations of the memory In ttie PWM controller 1. 

TTien. during tiie actual driving of the toad as Hie induction motor (IM). the CPU roads the present variables 
described above at the step SI and retrieves one of tiie element Unction temperature rise data from the memory toca- 
tions of the memory at a step S7. 
30 Thus, a burden of tiie CPU of the PWM controller 1 to calculate the equations desaibed abcve during tiie driving 
for the induction motor can be reHa^. 

It is noted tiiat atthough Rgs. 3 and 4 are executed whenever a predetermined period of time has i^tssed as an 
interrupt routine, anottier execution method may be carried out to determine whether the overheat of ttie switching ele- 
ment occurs using ttie variables described at)ove (and the equations (3) and (9 (the use of tiie equation (4) is depend- 
35 ent on whether the FWD elements are used)). 

Furthermore, the present invention is applicatsie to the inverter having the ewitcNng elements of power MOS (Metal 
Oxide Semiconductor). QTR (Gate Turn Off Thyristor). or other semtocviductor switching elements. 

Claims 

40 

1 . A metiiod for protecting a plurality of same semiconductor switching elements used In an inverter from being over- 
heated, comprising ttie steps of: 

a) detecting an output cun-ent of said inverter; 
45 b) reading the output current an output voUage phase e of the inverter, an output frequenor of the inverter, and 

a control factor a; 

c) deriving a switcfung element junction temperature rise in one of the switching elements on ttie basis of the 
read output cunent, the output voltage phase 6. output frequency, and the control factor a: 

d) determoning whettier the switching element tenqserature rise is In excess of a predetemrnned Omit value 
60 atlove wftich the corresponding one of the switching eleinents is overfieated; and 

e) reducing an on pulse duty ratio of a gate signal supplied to each switching element so as to limit the output 
current of tiie inverter. 

2. A metfiod for protecting a pluraltty of same semiconductor switching elements used In an Inverter from being over- 
55 heated as claimed in daim 1 , which furtiier comprises ttie steps of: 

f) storing a steady stale ON loss of ttie corre^nding one switcfvng element, a switcivng loss thereof, a tran- 
sient thermal impedance thereof, and a switching loss calculation tbrmula into each corresponding one of 
memory locations of a memory of a conlrolter: 
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g) calculating a loss of each switcNng element from the read output current of the Inverter, output voUage 
phase, the control factor, the stored steady state ON loss, and the stored swrtchlng loss using the stored 
switching loss calculation tbrmufa; and 

h) calculating the switching element junction temperature rise using the stored transient, thermal impedance 
and the calculated switching loss. 

A method for protecting a plurality of same semiconductor switching elements used in an inverter from being over- 
heated as daimed in claim 1 . wherein said eiep c) comprises the steps of: f) storing a plurality of data on the switch- 
ing element junction tenperature rise with the output current the output voltage phase, the output frequency, and 
the control factor as variables; and g) retrieving one of the data from the stored data according to the detected out- 
put cun'ent d etected at the step a) and the read output voltage phase, output frequency, and control factor read at 
the step b). 

A method for protecting a pbjraltty of same semiconductor switching elements used in an inverter from being over- 
heated as daimed In claim 2, wherein each of said switching elements is constituted by an IGBT and a fly wheel 
diode (FWD) connected across the IGBT. and wherein an Itvee phase induction motor is connected to the inverter. 

A method for protecting a plurality of same semiconductor switching elements used in an Inverter from being over- 
heated as claimed in daim 4. wherein the detected output cunrent of the inverter is apprexofnated into a rectangular 
waveform, the switching loss of each Gwitching element is approximated into another rectangular waveform, and 
the switching element Junction temperature rise Tn at a time of is calculated as 

T „ » £ Pi{Zth(tn - tf - 1) - Zft(t„ - t,)}. 
f-1 



wherein t » tb, t^ — . t^, Ztf, denotes the transient thermal impedance. 

An apparatus for protecting a pluraBty of same semiconductor switching elements used in an inverter finom being 
overheated, comprising: 

a sensor arranged for detecting an output cu-rent of eaki inverter; and, 

an Inverter PWM controller arranged for reading the output current of the inverter, an output voltage phase 0 of the 
inverter, an output frequericy of the inverter, and a control factor a, deriving a switching element junction tempera- 
ture rise on the basis of the read output current, the output voltage phase 6. the output frequency, and the control 
fector a. determining whether the switchirig element tenperature rise is in excess of a preidetermined Dmit value 
above which a corresponding one of the switching elements Is overheated, and reducing an on duty of a pulse duty 
ratio of a gate signal suppfied to each switching element so as to limit the ou^ 
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